The role of magnetism in the biological functioning of hemoglobin has been debated since its discovery by Pauling and Coryell in 1936. The hemoglobin molecule contains four heme groups each having a porphyrin layer with a Fe ion at the center. Here, we present combined density-functional theory and quantum Monte Carlo calculations for an effective model of Fe in a heme cluster. In comparison with these calculations, we analyze the experimental data on human adult hemoglobin (HbA) from the magnetic susceptibility, Mössbauer and magnetic circular dichroism (MCD) measurements. In both the deoxygenated (deoxy) and the oxygenated (oxy) cases, we show that local magnetic moments develop in the porphyrin layer with antiferromagnetic coupling to the Fe moment. Our calculations reproduce the magnetic susceptibility measurements on deoxy and oxy-HbA. For deoxy-HbA, we show that the anomalous MCD signal in the UV region is an experimental evidence for the presence of antiferromagnetic Fe-porphyrin correlations.
Pauling and Coryell showed that the magnetic susceptibility of deoxy-HbA exhibits a Curietype (1/T ) temperature dependence, while for oxy-HbA it is weakly negative implying that the total spin S = 0 for the molecule 1, 2 . Mössbauer experiments 3 are consistent with the view that Fe is in an S = 2 state in deoxy-HbA, while its magnetic moment is found to be < ∼ 1 µ B in the oxy case. The magnetic circular dichroism (MCD) measurements 4 find an anomalous line shape for the temperature-dependent MCD spectra in the UV region. The HbA molecule exhibits remarkable functional properties such as the cooperativity [5] [6] [7] and the Bohr effect [8] [9] [10] [11] , which enhance its oxygen carrying capacity. When one of the four Fe ions in HbA combines an oxygen molecule, the other three Fe ions attract oxygens cooperatively. The Bohr effect denotes the characteristic of HbA through which the oxygen affinity depends on the pH of the medium. There is currently no broad agreement on the spin and charge distributions and the role of magnetism in HbA [12] [13] [14] [15] [16] [17] .
We study the electronic state of one heme group by using an effective multi-orbital Anderson impurity model 18, 19 . The parameters of this model are obtained by the density functional theory 20 (DFT) calculations, where we use the molecular coordinates determined by the X-ray measurements 21, 22 . This way the stereochemical effects are included. We then study this model with the quantum Monte Carlo (QMC) simulations 23 . This DFT+QMC approach is described in the Methods section. These down moments originate from the partially-occupied π * host states consisting of the C(2p z ) orbitals. Hence, antiferromagnetic correlations exist between the large Fe magnetic moment and the host moments spread out in the porphyrin layer in deoxy-heme. In oxy-heme, the Fe moment is reduced, but remains finite. In addition, the neighboring O 2 and N sites have magnetic moments which are antiferromagnetically coupled to that of Fe. In the oxy case, the antiferromagnetic screening cloud is more tightly localized around the Fe site. The calculation of M(r) is described in the Supplementary Information. Additional DFT+QMC data on the spin and charge distributions are presented in the Methods section. Figure 3 (a) shows the temperature dependence of the total spin susceptibility χ t . For the deoxyheme cluster, χ t follows a nearly-perfect Curie T -dependence. The total effective magnetic mo-ment M t is ≈ 4.1 µ B at T = 150 K, which is reduced from that of Fe due to the Fe-porphyrin antiferromagnetic correlations. In the oxy case, there are two temperature regimes separated by a crossover temperature T * ≈ 300 K: In the high-T regime, T > T * , χ t has a Curie-type T dependence with an effective total moment ≈ 2.1 µ B . In the low-T regime, T < T * , χ t decreases rapidly as T decreases. For T > 300 K, the reduction of χ t with respect to that of deoxy-heme is mainly due to the collapse of the Fe magnetic moment because of the loss of the ferromagnetic correlations among the Fe(3d ν ) orbitals. For T < 300 K, χ t → 0 with the opening of a magnetic gap at the Fermi level. This is clearly seen in Fig. 3(b) , which shows that the total moment M t gets suppressed within ∆ S ≈ 0.15 eV of the Fermi level as T decreases. This gap arises from the transfer of electrons from mainly the O 2 to the Fe(3d ν ) orbitals, in particular, to the so-called t 2g orbitals, ν = xy, xz and yz. These are discussed further in the Methods section.
Experimentally, the spin susceptibility of oxy-HbA vanishes at room temperature 1,24 , while we find that χ t ≈ 150 µ 2 B /eV per heme. It is possible that because of the various approximations introduced, the DFT+QMC approach is underestimating the value of T * . If this is indeed the case, then it will have important consequences for the binding mechanism of O 2 to Fe in heme and the Bohr effect: We note that, in general, charge transfer to the Fe(3d) orbitals would be energetically costly because of the large Coulomb repulsion over there. However, as seen in the Methods section, in heme this is overcome by making use of the the upper-Hubbard level of the Fe(3d xy ) orbital. This is where the Fe(3d xy ) orbital becomes doubly occupied, and it is located very close to the Fermi level. This turns out to be an important feature of the electronic structure of oxyheme, because when the chemical potential is away from this region, the magnetic gap does not open. We think that, in order to minimize its energy, the system is developing magnetic moments and magnetic correlations by redistributing electrons. It is a real possibility that the gain in energy by going to the S = 0 state is responsible for the binding of O 2 to heme. These suggest that the binding of O 2 to Fe in heme has a magnetic origin. We note that the stereochemical effects 6 are clearly important in O 2 binding. We are proposing that the magnetism, which is controlled by the stereochemical effects, has the key role in the perfectly reversible binding of O 2 to Fe in heme.
In the Bohr effect, the oxygen affinity of HbA is controlled by the hydrogen ion concentration in the red blood cells. We have seen above that the S = 0 state is developing within a narrow energy window at the Fermi level. Hence, the magnetic properties depend sensitively on the electron filling. Any changes which effectively moves the chemical potential away from this narrow region will affect the binding of O 2 . This could be how the pH influences the oxygen affinity.
We note that the above suggested mechanism for the Fe-oxygen bonding may not be limited to heme, but may also be relevant for bonding in other compounds containing transition metals, for example the transition-metal oxides. This type of bonding is more complicated than the usual covalent or ionic bondings because it involves the upper-Hubbard level of the 3d orbitals and the magnetic correlations.
An important feature which emerges from these calculations is the antiferromagnetic coupling between Fe and the porphyrin layer. Experimental evidence for this is provided by the MCD data on deoxy-HbA in the UV region. The MCD intensity ∆ε(E) is the difference between the left-circularly polarized (LCP) and the right-circularly polarized (RCP) light absorption within an applied magnetic field parallel to the direction of light propagation. The MCD spectrum of deoxy-HbA has a peak in the UV region at ≈ 3 eV which has an anomalous line shape and a 1/T temperature-dependence 4 . The optical absorption ε(E) has a T -independent peak at the same energy. It is known that the optical absorption at ≈ 3 eV is due to π → π * transitions between the bonding π and antibonding π * states 4 . The MCD spectrum of deoxy-HbA in UV region is anomalous in the following sense: In the usual case, the T -dependent piece of the MCD spectrum first has a dip and then a peak as the frequency increases, whereas in deoxy-HbA the MCD spectrum first has a peak and then a shallow dip. Here, we propose that the anomalous MCD signal is caused by the orbital-selective optical transitions from the occupied π orbitals to two partially occupied π * orbitals, which we label as π * 1 and π * 2 . According to the DFT+QMC calculations, the π * 1 state is nearly half-filled while the π * 2 is nearly empty, which is discussed further in the Methods section. As illustrated in Fig. 4 (a), within an applied field B app pointing up, the Fe spin will be polarized in the down direction. Meanwhile, the spin polarization of π * 1 will be parallel to the field, because of the Fe-π * 1 antiferromagnetic correlations. Hence, during an LCP (RCP) optical transition from the π state, it will be energetically more favorable for the π * 1 (π * 2 ) state to absorb a down-spin (up-spin) electron. These orbital-selective optical transitions are illustrated in Figs. 4(b) and (c).
We have calculated the MCD spectrum due to these transitions as discussed in the Methods sec- to a negative spin-orbit coupling 4 . We are suggesting that it instead originates from the antiferromagnetic coupling between the Fe(3d) and π * states. Because of this, π * 1 and π * 2 porphyrin states act as if they have negative g-factors. The agreement with the experimental data can be improved further by incorporating into the analysis the optical absorption data as shown in the Methods section.
Discussion of cooperativity requires a multi-heme model. However, because of its importance, we will briefly comment on the implications of the DFT+QMC results. Assuming independent heme groups, the magnetic susceptibility measurements yield an effective magnetic moment per heme M heme = 5.46 µ B in deoxy-HbA 1 . Since this is larger than the spin S = 2 value of 4.9 µ B , Pauling and Coryell already pointed out the possibility of inter-heme ferromagnetic correlations 1 .
The DFT+QMC calculations find M heme ≈ 4.1 µ B . This requires an average inter-heme magnetic correlation M z heme,1 M z heme,2 ≈ 4.3 µ 2 B for deoxy-HbA, which is significant. We note that sufficiently strong inter-heme magnetic correlations could lead to cooperativity: The first O 2 to bind Fe needs to overcome the inter-heme ferromagnetic interaction. Upon O 2 binding to Fe, the magnetic moment of that heme group vanishes. The following O 2 's will bind more easily because of the loss of the inter-heme ferromagnetic correlations. An alternative scenario is based on the spin non-conservancy in the binding of O 2 to heme. We note that while O 2 is in a triplet state (S = 1) and deoxy-heme is considered to be S = 2, the resultant oxy-heme is in an S = 0 state. This nonconservancy of the total spin in the binding of O 2 may be limiting the reaction rate. However, because of inter-heme ferromagnetic correlations, spin transfer may be possible among the heme groups. Hence, when the O 2 's bind cooperatively, the spin can be conserved, thus eliminating the limit on the O 2 binding rate.
We have shown that magnetic moments and magnetic correlations exist in deoxy and oxy-HbA. In addition, the charge transfer from oxygen to Fe and the magnetic gap are key electronic properties of oxy-HbA. It is remarkable that evolution has been able to utilize these properties, which arise from the strongly-correlated electrons, for the functioning of hemoglobin. We note that there are a large number of metalloproteins, metalloenzymes and other bioinorganic molecules containing transition-metal centers 26 . Hence, the magnetic effects are poised to have a general role in the functioning of bioinorganic molecules with a distinct place in the emerging field of quantum biology. * nejatbulut@iyte.edu.tr 1 host states in an applied magnetic field B app for deoxy-heme. For B app pointing up, the total Fe(3d) spin gets polarized in the down direction, while the spin of the nearly half-filled π * 1 state gets polarized parallel to the field. The π * 2 state is nearly empty. From the DFT+QMC results we know that the π states are located about 3 eV below the Fermi level, and the widths of the π * 1 and π * 2 states are about 0.3 eV.
Feynman diagram representing the absorption of LCP light in the optical transition π → π * 1 . Here, an up-spin electron in a π state makes a transition to the π * 1 state becoming down-spin by absorbing LCP light (denoted by the wavy line). In (c), the π → π * 2 transition is shown for the absorption of RCP light, where a down-spin π electron makes a transition to the π * 2 state becoming up-spin. Here, the red dot is the effective vertex for the optical transition. Even though there is spin-orbit interaction only at the Fe(3d) orbitals, the π states can gain an effective spin-orbit coupling through antiferromagnetic coupling and hybridization with the Fe(3d) orbitals, which are discussed in the Methods section. 
METHODS

Effective Anderson impurity model for heme
We use an effective multi-orbital Anderson impurity model 18, 19 , where the five Fe(3d) orbitals are taken as the impurity states and the remaining orbitals are treated as the host states, to describe the electronic properties of the deoxy and oxy-heme clusters. The multi-orbital Anderson Hamiltonian with the intra and inter-orbital Coulomb interactions is given by
where c † mσ (c mσ ) operator creates (annihilates) an electron in the m'th host state with spin σ , d † νσ (d νσ ) is the creation (annihilation) operator for a localized electron with spin σ at the Fe(3d ν ) orbital, and the electron occupation operator for the Fe(3d ν ) orbitals is n νσ = d † νσ d νσ . The energies of the host and the Fe(3d ν ) states are ε m and ε dν , respectively. The hybridization matrix element between the m'th host state and the Fe(3d ν ) orbital is V mν . The intra-orbital Coulomb repulsion is U, while U and U = U − J are the Coulomb interactions between two 3d electrons in different orbitals with antiparallel and parallel spins, respectively. Here, J is the ferromagnetic Hund's coupling constant. In the case of a free atom, the relation U = U − 2J holds, which we also use here. The chemical potential µ is introduced because the QMC calculations are performed at finite temperatures in the grand canonical ensemble. At each value of the temperature, we adjust µ so that the cluster has the correct number of electrons, which is discussed below in Extended Data Fig. 3 . We obtain the values of ε m , ε dν and V mν by the density-functional theory (DFT) 20 , which is discussed in the Supplementary Information. For the interaction parameters we use U = 4 eV and J = 0.9 eV.
We have performed the DFT+QMC calculations for clusters obtained by truncating the full deoxy and oxy-heme molecular structures from the Protein Data Bank as described in the Supplementary Information. For understanding the functioning of HbA, the role of the stereochemical effects have been investigated. In particular, it has been emphasized that Fe moves by about 0.4Å towards the porphyrin ring upon O 2 binding 21 . Since we are using coordinates determined by the X-ray measurements, these stereochemical effects are already included in our model.
In Eq. (1), we include the longitudinal component of the Hund's interaction, however the transverse component, which consists of the spin-flip and the pair-hopping terms, is not included. In addition, we neglect the temperature dependence of the molecular coordinates. In spite of these approximations, the DFT+QMC technique applied to this effective impurity model offers a realistic treatment for the electronic state of HbA. Comparisons with the experimental data on the magnetic properties show that we capture the connection between the magnetism and the biological functioning at least at a qualitative level. We note that these DFT+QMC calculations represent the only computational approach which yields agreement with the magnetic susceptibility, Mössbauer, and the MCD data on HbA at the same time.
Additional DFT+QMC data on the spin and charge distributions in the heme clusters Table I (g) compares the total intra and inter-orbital magnetic correlations among the Fe(3d) orbitals for the deoxy and the oxy cases. In these quantities, the statistical errors are less than 0.1 µ 2 B . For the deoxy case, we see that n ν is close to unity for all five of the 3d orbitals. The total number of the Fe(3d) electrons n 3d = 5.38 at T = 300 K, hence Fe is in between the ferric (+3) than the ferrous (+2) states. These orbitals are nearly fully polarized where the corresponding M eff ν 's are slightly less than 1 µ B . The total effective moment of the 3d orbitals M 3d is 4.56 µ B , while for the host M h = 1.06 µ B . The total moment M t = 4.08 µ B is less than M 3d , because of the Fe(3d)-host antiferromagnetic correlations. We find the effective Fe(3d) spin S 3d to be 1.83, while the total spin S = 1.60. As T is lowered from 300 K to 150 K, these values for the electron occupations, effective moments and spins show almost no variation in the deoxy case.
In the oxy-heme case, the total Fe(3d) electron number is 5.83 at 300 K. As T decreases to 150 K, n 3d increases to 6.07. This is due to charge transfer from mainly the O 2 to the Fe(3d) orbitals.
In the oxy case at 150 K, we have n xy = 1.88, hence this orbital is nearly doubly-occupied. The remaining orbitals are closer to half-filling.
At 300 K for the deoxy-heme M 3d = 4.56 µ B , while it is 2.50 µ B in the oxy case. Upon lowering T to 150 K, M 3d of oxy-heme decreases to 1.65 µ B . This drop in M 3d is mainly due to the loss of the ferromagnetic correlations among the Fe(3d) orbitals. This is seen by comparing the results on M z ν M z ν shown in Extended Data Tables I(d)-(f) for the deoxy and oxy-heme clusters. We note that the total effective Fe(3d) moment is obtained from
Extended Data Table I(g) compares the components of this expression for the deoxy and oxy cases,
where we clearly see the loss of the inter-orbital ferromagnetic correlations and its effect on M 3d .
In Extended Data Fig. 1(a) , we compare the total spin susceptibility of the cluster χ t with the Fe(3d) susceptibility χ Fe . For the deoxy case, we see that χ t is reduced with respect to χ Fe due to the Fe-porphyrin antiferromagnetic coupling. Here, we also observe that χ Fe obeys a perfect Curie T -dependence. In the oxy case, there is little difference between χ t and χ Fe . Both increase as 1/T for T down to 300 K. As T decreases below 300 K, a magnetic gap opens at the Fermi level which causes χ Fe and χ t to vanish.
In Extended Data Fig. 1(b) , χ t of the oxy-heme cluster is shown as a function of µ for various T . Here, we clearly observe the development of a spin gap with 2∆ S ≈ 0.3 eV at low T .
Additional DFT+QMC data on the O 2 to Fe charge transfer and the magnetic gap in oxyheme In Extended Data Fig. 2(a) , we see that the total electron number in the Fe(3d) orbitals n 3d develops a peak at the Fermi level µ F ≈ −3.9 eV at low T . Extended Data Fig. 2(b) shows n ν versus µ for the five Fe(3d ν ) orbitals. We observe that, if µ is kept fixed at −3.9 eV as T is lowered from 400 K to 200 K, then n ν for the t 2g orbitals (ν = xy, xz, and yz) gets enhanced. In this case, the 3d xy orbital has the largest increase. Meanwhile, for the e g orbitals (ν = 3z 2 − r 2 and x 2 − y 2 ) n ν gets suppressed. These show that the 3d orbitals are strongly coupled to each other as well as to their environment. We also observe that the upper Hubbard level of the 3d xy orbital shifts down in energy with decreasing T . We are able to capture these effects because we treat Fe in heme as a Hund's impurity in the special electronic environment of oxy-heme by applying DFT+QMC. We think that the system is minimizing its energy by redistributing the electrons and developing magnetic correlations. These lead us to the notion that the binding of O 2 to Fe in heme is related to magnetism and the 3d Coulomb interactions.
In Extended Data Fig. 2(c) , we see that, as the peak in n 3d develops, the total 3d magnetic moment M 3d gets suppressed at the Fermi level. At low T , M 3d approaches 1.65 µ B , which is close to the spin-1/2 value.
The electrons transferred to the Fe(3d) orbitals come mostly from a host state which we label as the m = 171'th host state. This state consists of the atomic orbitals from O 2 and the proximal histidine. Its wave function is illustrated in Extended Data Fig. 2(d at T = 150 K. Hence, as seen in Fig. 2(b) , the total spin S = 0 state develops because of the antiferromagnetic correlations between basically a spin-1/2 localized at the Fe site and another spin-1/2 spread out at the neighboring O 2 and N sites.
It is important to note that the S = 0 spin state is possible because the electronic structure of oxy-heme is such that µ F is located close to the upper-Hubbard level of the Fe(3d xy ) orbital. When the Fermi level is away from the upper-Hubbard level of the 3d xy orbital, we do not observe the charge transfer from O 2 to Fe and the magnetic gap. We also note that as the magnetic gap opens, basically no changes occur in the electron occupation numbers and the magnetic moments at the nitrogen sites which are nearest-neighbor to Fe. The magnetic moments at these nitrogen sites have already formed at higher temperatures.
The O 2 to Fe charge transfer and the opening of the spin gap are interesting electronic properties of oxy-heme. This is actually reminiscent of the Kondo effect where a localized magnetic moment in a metallic host gets completely screened by the formation of an antiferromagnetic screening cloud. In that case, the metallic host develops a magnetic moment by bringing in an electron from the boundary of the system at infinity. However, in the oxy-heme cluster, the host develops part of the screening moment by transferring electrons from the O 2 to the Fe(3d) orbitals.
Shift of the Fermi level with the temperature in oxy-heme
In Extended Data Fig. 3 , we show results on the total electron number n t versus µ for the oxy-heme cluster, which has 77 atoms and 350 electrons. We see that at 300 K the Fermi level µ F ≈ −3.8 eV, while at T = 150 K we have µ F ≈ −3.9 eV.
QMC finite-∆τ effects in the oxy-heme case
The Matsubara-time step ∆τ is introduced in the QMC method by dividing the inverse temperature The charge-neutral oxy-heme cluster has 350 electrons. Extended Data Fig. 4(a) shows that n t approaches 350.0 in the limit ∆τ → 0 at T = 150 K. This result was obtained by using µ = −3.89 eV. Hence, in the limit ∆τ → 0 and at T = 150 K we have µ F ≈ −3.9 eV. For 200 K, µ = −3.89 eV was also used, while at T = 300 K we used µ = −3.8 eV. These show that µ F shifts from ≈ −3.8 eV at 300 K to ≈ −3.9 eV at 150 K with the opening of the spin gap.
In Extended Data Fig. 4(b) , we see that, in the limit ∆τ → 0, n 3d increases from 5.9 to approximately 6.1 as T decreases from 300 K to 150 K. Hence, Fe in oxy-heme is in a ferrous state.
Extended Data Fig. 4 (c) shows that χ t → 150 µ 2 B as ∆τ → 0 at 300 K, while for 200 K we see that χ t extrapolates to a much reduced value. Hence, the magnetic gap is already developed at 200 K. When the ∆τ → 0 corrections are taken into account, the drop in χ t for T < 300 K, which was seen in Fig. 3(a) , becomes more rapid. Similarly, in Extended Data Fig. 4(d) we observe a rapid drop in M t in the limit ∆τ → 0 as T decreases. These figures show that the finite-∆τ effects do not change our conclusions.
Calculation of the MCD spectrum in the UV region for deoxy-heme
Extended Data Fig. 5(a) illustrates the initial, intermediate and the final states in the π → π * 1 optical transition with LCP light absorption when the applied field is in the up direction. The left panel shows the initial state where the Fe(3d ν ) orbital, which is hybridizing with the bonding π state, has a down-spin electron, while the π state is doubly occupied. Because of the Fe(3d)-π * antiferromagnetic correlations, the antibonding π * 1 state has an up-spin electron. In the intermediate state (middle panel), we see that, upon LCP light absorption, the down-spin π electron moves to the π * 1 state, while the up-spin π electron spin-flips together with the Fe(3d) down-spin electron through antiferromagnetic exchange. In this intermediate state, the up-spin Fe(3d) electron is in an excited state because of the ferromagnetic Hund's coupling to the other Fe(3d) spins. Hence, it spin-flips one more time by making use of the spin-orbit coupling at the Fe site, which leads to the final state (right panel). There is a similar process for the π → π * 2 transition with the RCP light absorption. These optical transitions are orbital selective because of the antiferromagnetic Fe-π * correlations, which leads to the anomalous MCD line shape.
From comparisons with the optical absorption data, which will be shown below in Extended Data Fig. 7 , we deduce that a bonding π state located at -5.6 eV, which we label as π 1 , is dominant in the UV optical processes. In fact, we find that the leading contribution to UV MCD arises from the π 1 → π * 1 transition for the LCP light absorption, and π 1 → π * 2 for RCP absorption. Extended Data Figs. 5(b)-(d) show the wave functions of these π 1 , π * 1 , and π * 2 states, which consist of the C(2p z ) atomic orbitals of the porphyrin layer.
Even though the π states do not have significant spin-orbit coupling, they can gain an effective coupling because of antiferromagnetic correlations and hybridization with the Fe(3d) orbitals. Extended Data Figs. 5(e)-(f) illustrate the lowest-order process where a π state can gain an effective spin-orbit coupling. We note that the largest hybridization matrix elements of the π * 1 and π * 2 states are with the 3d xz and 3d yz orbitals, respectively, and they are both about 0.3 eV.
We use the following simple expression for the T -dependent MCD spectrum in the UV region
which is due to LCP π → π * 1 and RCP π → π * 2 optical transitions. Here, m sums over all of the bonding π host states, and C 1 and C 2 are coefficients to be determined. In addition, we use the matrix element | m |p|m | 2 , instead of | m |p − |m | 2 or | m |p + |m | 2 where p ± = p x ± ip y , since the experiments were performed using samples in solution.
In Extended Data Fig. 6(a)-(d) , we show QMC data on the electronic properties of the π * 1 and π * 2 host states. Their spectral weights A(ω) are obtained in an approximate way by taking the derivative with respect to µ of their electron occupations n shown in Extended Data Fig.   6 (a). The resulting A π * 1 (ω) and A π * 2 (ω) are shown in Extended Data Fig. 6(b) . These spectral weights have peaks split by 0.2 eV corresponding to 2J AF , where J AF ∼ 4|V π * ,ν | 2 /U ∼ 0.1 eV is the maximum value of the Fe(3d ν )-π * antiferromagnetic exchange constant. Extended Data Fig. 6(c) shows (M z ) 2 versus µ for π * 1 and π * 2 . Extended Data Fig. 6(d) shows the function M z 3d M z m between Fe(3d) and the m = π * 1 and π * 2 states. Here, we clearly see the Fe(3d)-π * antiferromagnetic correlations.
In Eq. (3) we take the ratio C 1 /C 2 to be 4. This is the only fitting parameter we use in obtaining the spectrum shown in Fig. 4(e) . Since π * 1 is already occupied by one up-spin electron and π * 2 is nearly empty, we expect the coefficient C 1 to be larger than C 2 . Finally, since the polarizability of the total Fe(3d) spin has 1/T temperature dependence, our result for the MCD intensity also exhibits this type T -dependence.
Comparison of the MCD and the optical absorption data in the UV region for deoxy heme
Extended Data Fig. 7(a) shows experimental data on the optical absorption of deoxy-heme 4 . The peak near 3 eV originates from π → π * transitions. This peak has an asymmetrical line shape, where the intensity below 2.8 eV is much reduced compared to the high energy tail.
A simple estimate of the optical absorption in the UV region is given by
where m and m sum over the bonding π and antibonding π * host states, respectively, and p = ∑ i (−e)r i is the operator for the electric-dipole moment of the cluster. Here, for ε m we have used the DFT results, since the Coulomb interactions taken into account by QMC do not produce a significant shift in the doubly-occupied π states. The results for I(E)/E are shown as the black bars for each transition in Extended Data Fig. 7(b) . The solid curve was obtained by using a broadening of 0.1 eV for the δ -functions. Comparison with the experimental data shows that the dominant contribution to optical absorption is coming from the π 1 → π * 1 and π 1 → π * 2 transitions, where π 1 is located at -5.6 eV. We calculated the MCD spectra allowing only for these two transitions. The result is the black curve shown in Extended Data Fig. 8 , which is in better agreement with the experimental data of Fig. 4(d) .
Extended Data Fig. 6(b) shows that the spectral-weight functions of the π * 1 and π * 2 states overlap in energy by about 0.2 eV. We artificially eliminated this overlap by shifting the spectral weight of the π * 2 state by 0.2 eV higher in energy. Its result is shown as the red dashed curve in Extended Data Fig. 8 . Hence, we obtain the best agreement with the experimental MCD data when π * 1 and π * 2 spectral weights have no overlap. The charge-neutral oxy-heme cluster has 350 electrons. We see that, as the temperature is lowered, the Fermi level µ F shifts from ≈ −3.8 eV at 300 K to ≈ −3.9 eV at 150 K. tron. This is the lowest-order diagram to the set of processes where the π state gains an effective spin-orbit coupling. Here, V is the hybridization matrix element between the π state and the Fe(3d) orbitals, and λ is the spin-orbit coupling constant for the Fe(3d) orbitals. (f) Because of processes as shown in (e), an electron in a π state can gain an effective spin-orbit coupling λ .
Extended Data
Extended Data Fig. 6 | Electronic properties of the π * 1 and π * 2 host states located near the Fermi level in deoxy-heme (a) Electron occupation n of the π * 1 and π * 2 host states plotted as a function of the chemical potential µ.
(b) Single-particle spectral weight A(ω) versus ω for the π * 1 and π * 2 states obtained from the n versus µ results shown in (a). (c) Square of the magnetic moment of the π * 1 and π * 2 states versus µ. the π states which give the leading contributions as π 1 , π 2 and π 3 . We have also indicated which particular π → π * transitions the bars correspond to. The black curve was obtained by artificially broadening the delta functions by 0.1 eV.
Extended Data Fig. 8 | MCD spectrum due to π 1 → (π * 1 , π * 2 ) optical transitions
Here, the black curve denotes the MCD spectrum for when only the π 1 → π * 1 and π 1 → π * 2 transitions are taken into account. The red-dashed curve denotes the same in the case where the π * 2 state is artificially shifted by 0.2 eV to higher energies so that there is no overlap with the π * 1 state. This yields the best agreement with the experimental line shape seen in Fig. 4(d) .
SUPPLEMENTARY INFORMATION
Calculation of the Anderson model parameters with DFT for heme clusters
We obtain the one-electron parameters ε m , ε dν and V mν of the effective Anderson model by making use of the DFT method. These calculations are performed for a reduced cluster with molecular coordinates obtained from the Protein Data Bank. In this calculation, instead of the atomic orbitals, we use the natural atomic orbitals (NAO's) 1 , which form an orthonormal basis. First, we express the Fock matrix in the NAO basis. We take the Fe(3d ν ) NAO's as the impurity orbitals and their energy levels as ε dν 's in the Anderson Hamiltonian. Diagonalizing the remaining part of the Fock matrix, we obtain the host eigenstates |u m and their energy levels ε m and the hybridization matrix elements V mν . This procedure is explained in more detail in Ref. 2, 3 . The DFT calculations are carried out by using the Gaussian program 4 with the BP86 energy functional 5,6 and the 6-31G basis set with 483 basis functions for the deoxy-heme cluster and 501 basis functions for the oxyheme cluster. We use ε m , ε dν and V mν determined this way as input parameters for the QMC simulations.
Truncated heme clusters and the finite-size effects
The deoxy-HbA molecule seen in Fig. 1(a) contains four inequivalent heme groups, α 1 − α 2 − β 1 − β 2 . The nearest-neighbor Fe-Fe distance varies between 34Å and 39.5Å. Since this molecule consists of about 9700 atoms, we performed our calculations for a reduced heme cluster obtained from the α 1 group, which is shown in Fig. 1(b) . This cluster contains the porphyrin ring with Fe at the center, located below porphyrin is the distal histidine with the imidazole part, and also located at the top is the proximal histidine. It is thought that the proximal histidine is necessary for the stability of O 2 binding 7 . In obtaining this truncated cluster, we have replaced the methyl, vinyl and propionate side groups of porphyrin with hydrogen atoms. We have determined the coordinates of these substituted hydrogens by DFT optimization. The deoxy-heme cluster obtained this way consists of 75 atoms and 334 electrons (C 32 H 30 FeN 10 O 2 ). In order to obtain the oxy-heme cluster, we have again started with the molecular structure of oxy-HbA determined by X-ray measurements from the Protein Data Bank (Keyword: 2DN1). From the α 1 heme group we have obtained the cluster seen in Fig. 1(c) with 77 atoms and 350 electrons (C 32 H 30 FeN 10 O 4 ).
In obtaining the energy spectrum of the cluster with DFT, it is necessary to take into account the finite size effects arising from the boundary of the cluster. Even though the HbA molecule contains about 9700 atoms, we retain only 75 atoms for the deoxy-heme cluster shown in Fig.  1(b) . In this case we find that a host state which is localized on the oxygen and carbon sites at the boundary of the cluster (at the lower edge of the cluster shown in Fig. 1(b) ) has an energy close to the Fermi level. However, when we use larger clusters containing 87 or 96 atoms so that the distal histidine part contains more sites and the oxygen site is not close to the boundary, we find that this host state arising from the boundary moves away from the Fermi level to higher energies.
Hence, for the 75 site cluster we have by hand removed the boundary host state in order to control the finite size effects.
QMC measurements
In the DFT+QMC approach, the Coulomb interactions at the Fe(3d ν ) orbitals are taken into account by both the DFT and the QMC techniques. In order to prevent this double counting, an orbital-dependent double-counting term µ DC ν defined as
is substracted from the bare Fe(3d ν ) energy levels, ε dν → ε dν − µ DC ν . Here, n 0 dν is the electron number in the Fe(3d ν ) NAO's obtained by the DFT calculations.
By using QMC simulations we calculate the expectation values of various operators to study the electronic properties of the effective Anderson model for heme. In particular, we calculate the distribution of the magnetic moments in the cluster, the correlations among these moments, the magnetic susceptibilities and in addition the charge distribution throughout the cluster. The electron occupation number of the Fe(3d ν ) orbitals is obtained from
where the expectation value of an operator A is defined by
with Z = Tr e −β H the partition function. In addition, we calculate the effective magnetic moments M eff ν of the Fe(3d ν ) orbitals from
where the longitudinal magnetization operator for the Fe(3d ν ) orbital is defined in units of µ B as
wherec iσ destroys an electron with spin σ in the i'th atomic orbital. Hence, the magnetization operator of the m'th host state can be written as
In order to obtain a simple illustration of the magnetization density, we neglect the correlations for when i = j, and define the following approximate expression as the magnetic-moment density for the host states
where r i is the coordinate of the i'th atomic orbital. Using this expression, we show in Fig. 2 the Fe(3d) and the host magnetic-moment density in the basis of the atomic orbitals as a bubble graph.
We use the sign of the Fe(3d)-host correlation function M z 3d M z m to determine the sign of M(r). In obtaining M(r) from Eq. (14), we have only included the contributions from host states with 
